Abstract Cork oak is the main cork-producing species worldwide, and plays a significant economic, ecological and social role in the Mediterranean countries, in particular in Portugal and Spain. The ability to produce cork is limited to a few species, hence it must involve specific regulation mechanisms that are unique to these species. However, to date, these mechanisms remain largely understudied, especially with approaches involving the use of high-throughput sequencing technology. In this study, the transcriptome of cork-producing and non-corkproducing Quercus cerris 9 suber hybrids was analyzed in order to elucidate the differences between the two groups of trees displaying contrasting phenotypes for cork production. The results revealed the presence of a significant number of genes exclusively associated with cork production, in the trees that developed cork. Moreover, several gene ontology subcategories, such as cell wall biogenesis, lipid metabolic processes, metal ion binding and apoplast/cell wall, were only detected in the trees with cork production. These results indicate the existence, at the transcriptome level, of mechanisms that seem to be unique and necessary for cork production, which is an advancement in our knowledge regarding the genetic regulation behind cork formation and production.
Quercus suber L., commonly known as cork oak, is an evergreen broad-leaved tree that belongs to the genus Quercus (oaks) of the Fagaceae family. Cork oak is widely distributed throughout the Western Mediterranean and North Africa regions, including Algeria, France, Italy, Morocco, Portugal, Spain and Tunisia, the islands of Corsica, Sardinia and Sicily and very limited areas on the islands of Majorca and Minorca (Bugalho et al. 2011) . It is mostly recognized for its thick cork layer production (or phellem) that works as a protective multilayered dead tissue, composed of suberized cells that are located within the outer face of the periderm of the bark system and are produced towards the outside (Pereira 2007; Teixeira et al. 2014; Verdaguer et al. 2016) . It is a renewable natural
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& António Marcos Ramos marcos.ramos@cebal.pt resource of high commercial value. Its extraction is carried out by peeling off the cork layer from adult trees at regular intervals of at least 9 years, constituting a valuable raw material for cork industries and a very important source of income for Portugal. It is due to the commercialization of cork that this species is among the most important tree species with a great economic and social relevance in the countries where it is naturally distributed. The formation of the cork tissue is the end result of the meristematic activity of a specialized phellogen tissue, or cork cambium, followed by cell expansion and an extensive cell wall deposition of suberin and waxes and, ultimately, an irreversible program of senescence ending in cell death (Soler et al. 2007 ). The phellogen usually originates in the subepidermis and differentiates during the first year, giving rise to phelloderm cells towards inside and to phellem (cork) cells to the outside. Hence, this meristematic layer is responsible for a sustainable production of the cork cells that form a thick continuous layer of cells covering the tree trunk, branches and roots. Every year, a new thick layer of suberized cork cells is produced and accumulated to that of the previous year in the form of annual rings (Caritat et al. 2000) . This tissue is located between the inner bark (xylem or woody tissue) and cork. The phellogen activity period ranges from April to October (Graça and Pereira 2004) . In the beginning of the spring, the phellogen is highly active and initiates the production of new cells. At the end of the season, by the time winter starts, the production of cells ceases (Silva et al. 2005) .
The cork tissue produced by Q. suber has peculiar properties, defined by the chemical composition of cork cell walls, which is already well known and characterized by the presence of suberin as the main structural component associated to lignin, the second most important component (Pereira 2007; Marques and Pereira 2013; Lourenço et al. 2016) . Suberin structures have been described as a complex heteropolymers consisting of polyaliphatic polyester (41%) and polyaromatic (22%) domains (Kolattukudy 1981; Pereira 1988; Silva et al. 2005; Pollard et al. 2008) . At the chemical level, studies have demonstrated that the polyaliphatic components comprise mainly x-hydroxyacids, a,x-diacids, long and very long chain fatty acids (LCFA, VLCFAs), oxygenated fatty acids, unsubstituted fatty acids, primary fatty alcohols and glycerol (Graça and Santos 2007; Serra et al. 2009; Graça 2015; Vishwanath et al. 2015) and the polyaromatic domain is a lignin-like polymer containing mostly hydroxycinnamic acids (Ranathunge et al. 2011) . At the molecular level, differential expression studies related to cork formation and suberin biosynthesis have revealed that four main secondary metabolic pathways are involved, including the synthesis of acyl-lipids, phenylpropanoids, isoprenoids, and flavonoids (Soler et al. 2007) and that the biosynthesis of the two main components derives from the general phenylpropanoid pathway and shares the same basic reactions (Rahantamalala et al. 2010) . Molecular approaches performed using distinct plant tissues (roots, periderm, seeds) of the species Arabidopsis thaliana, Solanum tuberosum and, more recently, Q. suber, have already identified a list of key genes and its importance in the biosynthetic pathway of aliphatic suberin (Soler et al. 2007; Teixeira et al. 2014) . The enzymes identified to date include b-ketoacyl-CoA synthases, fatty acyl reductases, long-chain acyl-CoA synthetases, cytochrome P450 monooxygenases, glycerol 3-phosphate acyltransferases and phenolics acyl transferases (Vishwanath et al. 2015) .
Although some genomic studies have been published (Soler et al. 2007; Pereira-Leal et al. 2014; Teixeira et al. 2014) , additional knowledge and information about suberin biosynthesis is required to obtain a clear understanding of cork development. A comprehensive analysis of the cork oak transcriptome analyzed in multiple tissues, developmental stages and physiological conditions was recently published (Pereira-Leal et al. 2014) . One of these studies was focused on a population of Quercus cerris 9 suber hybrids with different cork production levels, where annual stems from two different developmental stages separately collected during the phellogenium period (April and October) were used as biological samples. The aims of this study were to increase the knowledge on the molecular mechanisms underlying the formation and development of cork and to identify transcripts differentially expressed between cork-producing and non-producing hybrids. Normalized and non-normalized cDNA libraries were generated and sequenced using the 454 GS-FLX Titanium technology, in order to further investigate the differences at the transcriptome level between the two types of hybrids.
Methods

Plant material
Annual stems from Quercus cerris 9 suber (Quercus 9 hispanica ''Lucombeana'') hybrids were collected twice during April/May, when the phellogen is highly active and cork growth is initiated, and in September/October, when the cell divisions become scarce. The two different collection dates allowed us to cover different phellogen developmental stages. This material was collected from 30 years old trees located at Mata Nacional do Vimeiro, Portugal (390 49 0 N; 90 19 0 W). A total of six hybrid trees belonging to the same open-pollinated family (half-sibs), and displaying contrasting phenotypes for cork formation (three trees with cork production and three trees without cork production) were selected. All the samples Physiol Mol Biol Plants were immediately frozen in liquid nitrogen and stored at -80°C until use for subsequent analysis.
RNA extraction and cDNA preparation
Frozen samples were ground to a fine powder in liquid nitrogen with a pre-cooled electric mill and always under freezing conditions. Total RNA from each sample was isolated as previously described by Reid et al. (2006) with some minor modifications. RNA isolation was performed separately by developmental stage according to the two distinct dates of collection and by Quercus cerris 9 suber hybrid tree. Genomic DNA was eliminated using Ambion TURBO DNA-free DNase kit (Thermo Fisher Scientific, USA) according to the manufacturer's instructions and the total RNA was purified using the RNeasy MinElute Cleanup kit (Qiagen, Germany). The quality of total RNA was verified on an Agilent 2100 Bioanalyzer with the RNA 6000 Pico Kit (Agilent Technologies, Waldbronn, Germany) and the quantity assessed by fluorimetry with the Quant-iT RiboGreen RNA kit (Invitrogen, CA, USA). For cDNA production, the RNA of the two developmental stages was merged per individual. Equal concentrations of RNA were combined to create two specific RNA pools, one (Pool 1) for the trees with cork production and the other (Pool 2) for the trees without cork production. From each RNA pool, two libraries were constructed, one normalized (to optimize transcript detection and improve the general characterization of the transcriptome) and one non-normalized (to enable detection of differential expression). Double stranded cDNA was produced from 2 lg of total RNA using the SMART methodology (Zhu et al. 2001) and normalized according to the Evrogen Duplex-Specific nuclease (DSN)-based technology (Zhulidov et al. 2005) . For the non-normalized cDNA libraries, the same two pools of RNA were used. From 50 lg of total RNA, mRNA was isolated with the MicroPoly(A) Purist kit (Ambion, USA). Then, 200 ng of mRNA was fragmented and used as template for double stranded cDNA production according to the procedure of the cDNA Synthesis System Kit (Roche, Germany), followed by adaptor ligation. Pyrosequencing of the two normalized and the two nonnormalized libraries was performed in the 454 GS FLX Titanium according to standard manufacturer's instructions (Roche-454 Life Sciences, Brandford, CT, USA) at Biocant (Cantanhede, Portugal) resulting in a total of four EST libraries. Sequence reads were deposited in the NCBI Sequence Read Archive (SRA) under the accession numbers ERX143070 and ERX143071, for the normalized libraries, and SRX2677031 and SRX2677030, for the nonnormalized libraries.
Reads pre-processing, de novo assembly and mapping
The raw reads were filtered using Sequence Cleaner (https://sourceforge.net/projects/seqclean/) and Mothur (Schloss et al. 2009 ) to remove barcodes, sequencing adaptors, reads with low average quality, poly A and poly T tails and sequences shorter than 100 nucleotides. After preprocessing, the reads that passed pre-processing were de novo assembled using MIRA version 4.9.5_2 (Chevreux et al. 2004 ). This assembly was subsequently used as the reference transcriptome against which mapping of preprocessed reads derived from the non-normalized libraries was performed, which was done for each library independently, using BWA MEM (Li and Durbin 2009) . The mapped reads were filtered and the unique mapped reads (UMRs) were extracted with Samtools ). The reads denoted as unique mapped reads were the reads that had just one best hit and a map quality (MAPQ) C 10.
Differential expression and variant calling analysis
Differentially expressed genes (DE genes) were identified as genes showing significant expression levels in stems tissues with cork production versus stems tissues without cork production using EdgeR (Robinson et al. 2010) . Genes with low counts were excluded and a trimmed mean of M-values (TMM) to normalize the data was performed.
In accordance with the edgeR user's guide, since the data used in this study had no biological replicates to estimate the Biological Coefficient Variation (BCV), a reasonable dispersion value of the variability between the two conditions was estimated testing some values of the BCV, and for the final analysis, BCV was set to 0.075. The final list of DE genes was generated after correcting for multiple testing and filtering with a False Discovery Rate (FDR) value B 0.05.
For SNP identification, a variant calling analysis was done using the Genome Analysis Toolkit (GATK)-Unified Genotyper (McKenna et al. 2010) . The GATK detects all the differences between the reads and the reference genome, commonly named variants. Since not all variants can be considered valid SNPs, due to quality and coverage requirements, the initial output was filtered using three parameters, which included genotype coverage, genotype quality and SNP quality. Two approaches with different levels of stringency were carried out. The first was a moderate stringency, which used as thresholds a minimum variant quality score of 30, depth coverage of 7 and a phred-scaled quality score of 20, while the second approach was a high stringency, for which minimum thresholds of variant quality score of 60, depth coverage of 15 and a phred-scaled quality score of 40 were applied.
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Validation of the differential expression profiles by RT-qPCR
Reverse transcription quantitative real-time PCR (RTqPCR) of a set of 11 DE genes was carried out to validate the expression profile obtained by 454 sequencing. All cDNAs were synthesized from 1 lg of the same total RNA samples used for the 454 sequencing with the QuantiTect Reverse Transcription Kit (Qiagen, Germany) following manufacturer instructions. Specific primers were designed using Primer3Plus software (Untergasser et al. 2007) . PCR experiments were then carried out in an iQ5 real-time PCR system (BioRad, USA). The reaction mixtures were performed in a final volume of 20 lL, containing 10 lL of SsoAdvanced Universal SYBR Green Supermix (BioRad), 250 nM of each gene-specific primers (Table S1 ) and 100 ng of cDNA as template. PCR efficiency was performed using triplicate reactions from a dilution series of cDNA and a no template control (NTC) was used for every primer pair. The amplification program was the same for all genes tested and was as follows: after an initial period of 10 min at 95°C, each of the 45 PCR cycles consisted of a denaturation of 10 s at 95°C, an annealing step of 15 s at 60°C and an extension of 15 s at 72°C. For each PCR reaction a melting curve was obtained to distinguish specific from nonspecific products and primer dimers. The change fold was calculated by means of the mathematical model described by Pfaffl (2001) using four reference genes involved in the cytoskeleton structure [Actin (Act), ß-Tubulin (ß-Tub)], in the translational elongation [Elongation factor-1alpha (EF-1a)] and in the intracellular protein transport [Clathrin adaptor complexes medium subunit family (CACs)], previously reported for Q. suber (Marum et al. 2012) . For comparing RNA-Seq and qPCR results, a Pearson correlation was calculated using the Log 2 of the normalized expression values.
Transcriptome annotation
Candidate coding regions within transcript sequences were analyzed using TransDecoder (Haas et al. 2013 ) and protein homologues were annotated using NCBI BLASTp algorithms (e-value was set as 1e-5). The predicted genes identified from TransDecoder were used for transcriptome annotation. This procedure was performed using InterProScan (Jones et al. 2014) . The protein domains, the Gene Ontology (GO) terms, enzymatic protein codes and KEGG pathways were identified. The interactions between the predicted genes associated with KEGG pathways and the GO terms were also analyzed with Cytoscape 3.3 (Shannon et al. 2003 ) using BinGO and EnrichmentMap plugins (Maere et al. 2005; Merico et al. 2010) . BinGO was used for the identification of the GOs overrepresented over the set of genes up-or down-regulated, and an enrichment map analysis was performed, using those results, with the Enrichment Map plugin. Gene Ontology (GO) analysis was performed by running CateGOrizer (Hu et al. 2008 ) queries against the plant GOSlim database, which provided information related to three ontologies, including biological process (BP), cellular component (CC) and molecular function (MF).
Results
Sequencing and de novo assembly of Q. suber stems transcriptome
The sequencing of cDNA from two non-normalized and two normalized libraries comprising samples (Pool 1 and Pool 2) from two developmental stages and stems tissues of Quercus cerris 9 suber hybrids resulted in a total of 2,377,493 raw reads ranging from 48 to 1201 bp. Before assembling, reads undergone several quality control checks and after pre-processing 1,961,325 high-quality sequences were retained and used in the assembly and mapping steps. The final average length of the reads ranged between 350-340 and 389-352 bp for the normalized and nonnormalized libraries, respectively. A summary of the metrics for the generated sequencing data is presented in Table 1 . The transcriptome assembly produced by MIRA yielded 184,781 contigs, of which 183,345 had length larger than 200 bp. The mean contig size was 854 bp.
Read mapping
The mapping stats for the reads of each non-normalized library is presented in Table 2 . BWA-mem was selected due its suitability for alignment and mapping long and single-end reads. A total of 971,769 were mapped, which represented 96.4% of the total. The number of UMRs was 723,348, which accounted to 71.7% of the total.
Differential expression and variant calling
A total of 378 genes were differentially expressed (FDR value B 0.05), of which 291 genes were down-regulated (highly expressed in trees with cork production) and 87 were up-regulated (highly expressed in trees without cork production). The list containing all the genes for which evidence of differential expression was identified is indicated in Electronic Supplementary File 1. Additionally, the genes included in the discussion, and/or involved in one of the pathways highlighted in this study, are represented in Table 3 .
Physiol Mol Biol Plants
As a result of the variant calling analysis, the total number of putative variants identified by the GATK-Unified Genotyper was 27,097. However, after applying the filtering strategies, the number of SNPs identified decreased to 1610 and 119, using the moderate and high stringency strategies, respectively. The SNPs identified were further inspected, in order to confirm if some of the SNPs were located in genes that had also displayed differential expression. Using the moderate stringency SNP set, a total of 19 DE genes were observed containing at least one SNP. Regarding the putative impact of each SNP, a total of 12, 8 and 9 SNPs presented low, moderate and modifier impacts, respectively.
qPCR validation
In order to validate the results from the RNAseq data, 11 DE genes were selected to assess their expression by RTqPCR. The RT-qPCR assay for the selected transcripts displayed a similar expression pattern to the one obtained by RNAseq data analysis. The expression pattern of the transcripts tested was maintained, although some variation was detected for a few transcripts, like OPR3, protein exordium-like 2 and ethylene responsive TF 2 (Fig. 1) .
A correlation between the Log 2 of the expression values of both RNAseq and qPCR data was performed and showed a strong positive correlation (r = 0.78) between the values obtained by these two different approaches (Fig. S1) , which supports the fact that the RNAseq assay was accurate and allows the use of the data for further gene expression analysis.
Functional annotation
The total number of contigs that resulted from the de novo transcriptome assembly step was 184,781. Transdecoder found 101,869 contigs that contained candidate coding regions. These were annotated using BLAST against the non-redundant NCBI plants, which resulted in a total of 90,667 functionally annotated genes (89%), with an e-value B 1e-05. A total of 923 distinct species were found in the annotation, and the most frequent BLAST hit species were Vitis vinifera, Theobroma cacao and Prunus persica (Fig. S2) .
The functional gene annotation was performed by InterProScan, including Gene Ontology (GO) and KEGG pathway analysis. From the 90,667 predicted genes, a total of 49,773 (55%) genes covered all three GO categories with most of the genes being associated with multiple GO terms. A total of 32,143 genes were found associated to Biological Process (BP) category, 43,674 genes to Molecular Function (MF) category and 13,534 genes to Cellular Component (CC) category.
The web tool CateGOrizer was used for each category of GOs in order to organize them in subcategories making use of the GOSlim-Plants. Such approach was applied to all GOs that were associated with genes in the transcriptome i.e. genes highly expressed in trees with cork production (DE genes down-regulated) and genes highly expressed in trees without cork production (DE genes up-regulated). As highlighted in Fig. 2 , the functions of the identified DE genes cover a vast set of biological processes, molecular functions and cellular components.
The distribution of the DE genes included 78 subcategories through Biological Process, 19 subcategories through Cellular Component and 110 subcategories throughout Molecular Function. The distribution of gene ontology categories shows a general trend of a larger number of genes more highly expressed in trees with cork production, with some GOs subcategories identified exclusively in this type of trees and associated with more than one gene. For example, in the Molecular Function category, the subcategory metal ion binding was associated with 10 down-regulated genes and in the Biological Process, the cellular glucan metabolic process, lipid metabolic process and cell wall biogenesis subcategories were associated with 5 down-regulated genes. The group of trees without cork production also contained specific ontology subcategories, such as the molecular function, structural constituent of cytoskeleton and the biological process, nucleosome assembly. The number of genes identified for each subcategory varied greatly, from a single gene (actin cytoskeleton and ln80 complex, cellular component) to 38 genes (ATP binding, molecular function). A comparison of the GOs associated with the up-and downregulated genes revealed the presence of some GOs that were exclusively represented over the set of down-regulated genes (highly expressed in trees with cork production) such as metal ion binding, cell wall, apoplast, lipid metabolic process, cellular glucan metabolic process and cell wall biogenesis (Table 4) . 
Pathway analysis during cork production
Cytoscape was used for the analysis of KEGG pathways in order to identify the significant pathways associated with the DE genes. There were 11 up-regulated and 41 downregulated pathways (Fig. 3) . The most represented pathways for trees producing cork were cysteine and methionine metabolism, starch and sucrose metabolism, and gluconeogenesis. Regarding the trees that do not produce cork, the pathways containing the higher number of genes was flavonoid biosynthesis. This analysis showed that some down-regulated genes were related to terpenoid backbone biosynthesis and methane metabolism, two important biosynthetic mechanisms related to cork production. For a more detailed analysis, two specific Cytoscape plugins, BinGO and Enrichment Map, were used for the visualization and interpretation of the gene ontology. From all the GO datasets, only the down-regulated genes associated to molecular function and cellular component GO categories showed an enrichment map of GOs (Figs. 4, 5) , which included kinase activity, nucleotide binding and transcription factor activity, for the molecular function subcategory, and cell wall, extracellular region and external encapsulating structure, for the cellular component subcategory. The interaction network analysis performed with Cytoscape 3.3 also revealed the presence of three KEGG pathways that were significantly regulated over the set of DE genes. The acyl-lipid biosynthesis pathway (Fig. 6 ) contained four distinct pathways points associated with three DE genes. This is one of the main pathways involved in the synthesis of the chemical components required for cork cell wall synthesis and deposition (Soler et al. 2007 ).
Another crucial metabolic pathway for the production of the components needed for cork synthesis is the flavonoid biosynthesis pathway (Fig. 7) , for which the DE genes were related with chalcone production, which plays a key role in the formation of the flavonoid structure. The terpenoid backbone biosynthesis pathway (Fig. 8) is involved in the synthesis of terpenoids, which represent a large class of organic chemicals made of isoprene units that in plants, are mostly related with aromatic compounds. This pathway is represented by three enzymes, two downregulated, 3-hydroxy-3-methylglutaryl-coenzyme A reductase 1-like and 3-hydroxy-3-methylglutaryl-coenzyme A reductase and one up-regulated, 1-deoxyxylulose- Moreover, pathways such as cysteine and methionine metabolism (Fig. S3 ), starch and sucrose metabolism (Fig. S4 ) and methane metabolism pathways (Fig. S5 ) displayed a substantial number of interactions.
Discussion
This work was conducted to identify candidate genes involved in the production/formation of cork in Quercus cerris 9 suber hybrid trees. In order to obtain samples that allowed such comparison, contrasting cork production phenotypes (presence/absence of cork tissue) were used.
The amount of information regarding the genomic resources available for the Quercus genus, including Quercus suber, is scarce, a scenario that is also common for other species of the Quercus genus. Consequently, few proteins are annotated and available in public databases, and is the reason for the low number of homologies to Quercus species, as demonstrated by the lack of hits to Quercus sequences in the BLAST results. In addition, it will be very difficult to annotate cork oak specific genes displaying little to no homology to any gene/transcript included in the commonly used databases. Hence, a broader characterization of the cork oak transcriptome, in particular of the genes involved in cork formation is needed and studies are already emerging towards that goal (Pereira- Leal et al. 2014) .
A KEGG pathway analysis focused on the KEGG Orthology (KO) revealed that the most represented KOs were the nucleotide metabolism, carbohydrate metabolism, amino acid metabolism and energy metabolism, suggesting that the transcriptome of the Quercus cerris 9 suber hybrid trees was programmed for the production of carbohydrates, which are one of the major forms of energy and the fundamental metabolites involved in the production of the cell-wall biomass.
Out of all the annotated transcripts, three different proteins, heat shock protein 17 (HSP17), thaumatin-like protein and chitinase were annotated with homology to Quercus suber. Genes codifying the HSP17, important for the acquisition of thermotolerance (Wang et al. 2004; Huang and Xu 2008) , were identified to be highly expressed in trees with cork production and in trees without cork production. Previous studies demonstrated that under heat stress conditions, cork oak trees increased the translation of HSPs (Ghouil et al. 2003; Correia et al. 2013 ). Due to the fact that both types of trees grow under hot summers, one can speculate that the high expression of the HSPs might be a response towards the hot weather abiotic stress (Pla et al. 1998) . The identification of genes more highly expressed in trees with cork production than in trees without cork production is expectable, considering that cork development confers heat tolerance (Correia et al. 2014 ) amongst other stress induced conditions as a protective tissue function.
Cork production may be related with defensive mechanisms involving reprogramming of primary and secondary metabolisms
The genes codifying for the thaumatin-like protein and chitinase, were highly expressed in trees with cork formation, being both associated with defense signaling Fig. 7 Flavonoid biosynthesis pathway with interactions related to the DE genes. The blue square nodes represent the pathways. The rest of the nodes represent all DE genes associated to the pathways. Note that due to the complexity of representing the expression values of those genes, the RGB color scale goes from the most down-regulated in red to the most up-regulated in green (color figure online) Fig. 8 Terpenoid backbone biosynthesis pathway with interactions related to the DE genes. The blue square nodes represent the pathways. The rest of the nodes represent all DE genes associated to the pathways. Note that due to the complexity of representing the expression values of those genes, the RGB color scale goes from the most down-regulated in red to the most up-regulated in green (color figure online) Physiol Mol Biol Plants pathways. The thaumatin-like protein is related with the defense by displaying antimicrobial (Ebadzad and Cravador 2014) and antifugical activity, inhibiting the growth of pathogens (Wang and Ng 2002) . The enzyme chitinase was also identified in the synthesis of suberin, a relevant metabolic pathway involved in the formation of cork cells (Pereira-Leal et al. 2014) , which is in accordance with the cork-producing phenotype displayed by this group of trees. Genes associated directly or indirectly with the production of suberin are important for a better understanding of some cork properties (Soler et al. 2007 ).These results are indicative that the genes expression pattern that is related with the tree defense mechanisms is exclusively detected in the trees with cork production.
In this study, other genes codifying peroxidase, that were previously associated with the production of suberin and defense mechanisms (Ricardo et al. 2011) , were highly expressed in trees with cork formation. The products from the reactions catalyzed by the peroxidase in the phenylpropanoid biosynthesis are necessary to initiate the lignin biosynthesis pathway that leads to the synthesis of the suberin compounds, Another very important gene for the synthesis of suberin is the 3-ketoacyl-CoA synthase gene (Teixeira et al. 2014) . It was found highly expressed in trees with cork production, and its importance in the production of suberin derives from its involvement in the elongation of suberin precursors and in the synthesis of suberin monomers (Soler et al. 2007 ). Previously, this gene was found to be differentially expressed between good and bad quality cork samples, with a pattern of higher expression in good quality cork (Teixeira et al. 2014 ).
The cork chemical composition studies conducted so far, have shown that four main secondary metabolic pathways are involved to produce the different components necessary for cork development: acyl-lipids biosynthesis, flavonoid biosynthesis, phenylpropanoid biosynthesis and terpenoid backbone biosynthesis (Pereira 1988; Silva et al. 2005; Koes et al. 2005; Soler et al. 2007 ). In this study, genes involved in the acyl-lipids and flavonoid pathways were significantly up-regulated, which would be expected considering the group of cork-producing trees analyzed.
On the other hand, the chalcone synthase (CHS) is a fundamental enzyme of the flavonoid biosynthesis including flavonols, anthocyanins and tannins (Baxter and Stewart 2013) . It plays an important role as a mechanism of defense under stress conditions, such as UV light, bacterial or fungal infections (Dao et al. 2011 ), and it is a possible response to heat shock (Coberly and Rausher 2003) . The fact that the CHS gene was highly expressed in trees producing cork, likely indicates the higher metabolic requirements regarding the availability of the key components of cork chemical composition.
Interestingly, among the several SNPs identified in DE genes, one was identified in the leucoanthocyanidin dioxygenase isoform 2 gene. This enzyme is expressed in the trees with cork production and catalyzes the conversion of leucoanthocyanidins in anthocyanidins in the flavonoids biosynthesis (Gollop et al. 2001) , an important via in the production of cork.
The importance of the phenylpropanoid biosynthesis during the cork formation of cork can be stressed by observing that genes codifying for the isoflavone reductase and for ferulic acid 5-hydroxylase 1 were exclusive highly expressed in trees capable of producing cork. The ferulic acid 5-hydroxylase, characterized as a cytochrome P-450-dependent, is involved in the synthesis of lignin precursor monomers, and it is an important player in the regulation of lignification (Grand 1984) . The ferulic acid is an important component involved in rigidity and strength in increasing of suberized cell walls. Despite knowing that it is linked to glycans and serves as an initiation site for lignification, its role is still poorly understood (Serra et al. 2010) . In this study, genes codifying for Sadenosylmethionine synthase were identified to be highly expressed in trees with cork production. This enzyme was also identified in a previous work (Teixeira et al. 2014) and it is responsible for catalyzing S-adenosyl-L-methionine, (Ravanel et al. 2004 ) needed for ethylene and polyamine biosynthesis (Teixeira et al. 2014 ). The polyamines have relevant roles in plant growth, development, senescence and adversity stress tolerance. A key enzyme for the synthesis of polyamines, Sadenosylmethionine decarboxylase, was codified by a gene found to be highly expressed only in trees with cork formation. The expression of this enzyme suggests that the synthesis of polyamines, which confers tolerance to abiotic stresses (Alcázar et al. 2006) , was possibly needed for cork formation.
Several compounds and metabolic pathways that were proved to be related with cork production were present in the transcriptome but not in the DE genes. A possible cause is combination of the hybridization of Quercus suber and Quercus cerris and the need of these pathways for the plant development. As an example, we can highlight the biosynthesis of cutin, suberin and wax, which are crucial for cork formation. Significant enzymes in these pathways involved in cork formation, such as diacylglycerol O-acyltranferase, long-chain-alcohol O-fatty-acytransferase and plant seed peroxygenase were identified in the transcriptome, but did not show a pattern of differential expression.
Sugar metabolism as possible relevant metabolic super pathway for cork development
The GO annotation analysis showed that most of the genes highly expressed in trees with cork production were associated with the methane metabolism pathway, important in Physiol Mol Biol Plants the carbohydrate degradation. Most of the identified genes are also involved in starch and sucrose metabolism. The other pathways identified in this work that also displayed a significant number of interactions with DE genes were terpenoid backbone biosynthesis and cysteine and methionine metabolism.
Some of these genes, that were only observed highly expressed in trees with cork production, were identified in these pathways, indicating that they are important for cork formation. For example, the methane metabolism, glycolysis/gluconeogenesis, and the glycine, serine and threonine metabolism were connected by two enzymes codified by genes expressed only in trees with cork production, namely the 2,3-bisphosphoglycerate-independent phosphoglycerate mutase-like and enolase genes. The role of these proteins is still unclear and further studies are required for a better understanding of their involvement in the formation of cork.
As mentioned above, both the starch and sucrose metabolism can be relevant for the formation of cork. A gene codifying for a sucrose proton symporter was identified to be expressed only in trees with cork formation and is necessary for an efficient transport of sucrose (Srivastava et al. 2009 ). Genes codifying for sucrose synthase were also identified to be highly expressed in trees with cork production. The sucrose synthase cleaves the sucrose, which can be converted into secondary compounds, enabling plants to combat pathogens or other environmental challenges (Sturm 1999 ). This enzyme is putatively involved in the synthesis of UDP-glucose (described below) and ADP-glucose that are associated to cellulose and starch biosynthesis (Miguel et al. 2015 ).
Trees producing cork express different genes involved in cell wall formation and modification with putative involvement of jasmonic acid and ethylene
The GO analysis of the DE genes between the two conditions, revealed some differences in the molecular function and cellular component categories. Both categories had an enrichment map for the condition with trees that produce cork, which demonstrates that the major differences found in molecular function are nucleotide binding, kinase activity and transcription factor activity, while for cellular component the main differences are related with cell wall, external encapsulation structure and extracellular region.
Several DE genes codifying for proteins related with cell wall construction were identified in trees without and with cork production, such as the endoglucanase and the UDPglucose 6-dehydrogenase genes, respectively. They are involved in cell wall assembly and formation. The UDPglucose 6-dehydrogenase gene is also involved in the biosynthesis of UDP-glucuronic acid (UDP-GlcA), providing nucleotide sugars for cell-wall polymers (Mizrachi et al. 2012) . Despite the high expression of genes related with cell wall formation and modification in both set of trees, it is important to note that the Cellular Component subcategory cell wall was associated only with down-regulated genes (Fig. 3) , most of them codifying for a xyloglucan endotransglucosylase (XEH). This enzyme is responsible for the cleavage and binding of xyloglucan polymers, indispensable constituents of the primary cell wall, and participates in cell wall construction of growing tissues (Park and Cosgrove 2015) .
In our study, some genes related with jasmonic acid synthesis were highly expressed in trees with cork production. The allene oxide synthase and the 12-oxophytodienoate reductase 3 were associated with the jasmonic acid (JA) synthesis which in turn is associated with the response to cell wall damage (CWD), with the production of lignin as compensatory response mechanism. The interaction of jasmonic acid and reactive oxygen species regulate the lignin biosynthesis in response to CWD (Denness et al. 2011) . In this study, the pattern of expression of genes codifying for these proteins could be related with cork formation, and not with CWD.
Genes associated directly or indirectly with the production of suberin are important for a better understanding of cork properties (Soler et al. 2007) . In this study, novel and possibly very important proteins for the formation of cork were identified. Until now some proteins identified in this study, such as the ferulic acid 5-hydroxylase 1, xyloglucan endotransglucosylase and sucrose proton symporter had not been directly associated with cork formation mechanisms. A pattern of expression of genes related with the plant defense mechanisms exclusively expressed in the trees with cork production were also detected, implying a connection between the plant's defense and the specific processes for cork formation. For example, genes codifying for specific ethylene-related proteins and kinase proteins were identified to be expressed only in trees with cork production. These proteins influence plant growth and development and can also induce defense-related genes (Teixeira et al. 2014 ).
Conclusions
The first detailed comparison, at the transcriptome level, between cork producing and non-cork producing trees, was performed and described in this study. It revealed several mechanisms exclusively associated with cork production and fundamental enzymes, such as CHS, that take part in pathways that are already associated with cork. The substantial number of genes and pathways related with this phenotype suggest that the cork layer development is a very complex and involve unique molecular process. Most of the genes highly expressed identified in this work were associated with the defense mechanism, which has led to the hypothesis that these genes have dual functions, being also involved in the unique processes needed for the cork formation. Several genes highly expressed that participate in the primary cell wall formation and modification were identified. Most of these genes were highly expressed or only highly expressed in trees with cork production, indicating that the cell wall construction was a crucial process for the formation of cork.
DE genes that displayed a pattern of expression only in the cork producing trees that participate in the methane metabolism or in the starch and sucrose metabolism were identified indicating that reprogramming of carbohydrate metabolism is required for cork production.
